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SUMMARY

Thedesi~ andx=rfozm%n.ceofa t~b~ to drivea supersoniccom-
pressorarep~esente~in.-or&rto determinetheproblemsthatwouldbe
encount=edinturb~s re&&ed to drivehigh-speed,high-weight-flow
compressors.A l+nch coI&-%irmodelofthisturbinewasbuiltand
operatedovera rangeof&p~edfrom30percentto 330percentdesign
speedandovera wideqe @f total-pressureratios.Theah-inlet
temperatureandpressurew&%:maint@nedconstantat 135°F and32 inches
ofmercuryAbsolute>“respec~vely.

.-“,.-
E%tremelyhigh:ce@i5i@;alstressesatthe-htiboftherat~ bus

wereencounteredin‘@’ede-~ oftheturbineandcouldbe attributedto
thehigh-speed,big+-wei~t.:$rticharacteristicsofthecoqressor.
Highentrancerelat~veMach-%uriberswerealsoencounteredattherotcm
htiandweredecrea@ to a M&chnuniberof0.69by increasingthetur-
binediameter8 per~t overthatoftheccqressor.Toreducetherotor
bladestressa high‘&greeofrotorbladetaperwasincorporatedinto
thedesi~,resulting~ an averagerotorbladehubstressof
46,600poundspersqusretich.

M theattemptto decreasethestressattherotorbladehubby
theuseofhighturbtie-exitabsolutevelocities>an *c= b-
taper~andan insweepoftheinnerwall,a.flowareawasusedwithti
therotorthatprovedinsufficienttopassthereqtiedweightflow.
Theturbineperformanceindicatedthatat designspeed95percentdesign
weightflowwaspassedandthedestiednozzle-exittangentialvelocities
werenotobtained.An increaseinworkcouldthereforebe obtainedonly
withnegativeexittangentialvelocities● However>theturbtie
13miting-loadingpointwasreachedat a workslightlylessthandesign.

—

.——

INT1301.WCTION

Inrecentyearscompressorshavebeendevelopedthatarecapable
v ofutilizingincreasinglyhigheram weightflowsperunitfrentalarea.

..+

w,,...””



2 ?XACARME52C25

In certaintypesofthesecompressors,suchasthesupersoniccompres-
sor,thepressureratioisdevelopedbymeansofhighrotational
speeds.Thetwocharacteristicsofhighspecificairweightflowand
highrotationalspeedsintroducea severestressprobleminthedesign
ofturbinesthatmustdrivethesecompressors.Extremelyhighstresses
thatoccurat thehuboftherotorbladecanbe attributedprincipally
totherotorbladecentrifugalforces.

Thestressdueto centrifugalforcecaz”bedhhished considerably
by introducinga highdegreeofbladetaperintotheturbine&si@i
(reference1). If thebladechordaswell.a~ thesectionareamustbe
reducedat thebladetip,itwouldbe expectedthatadditionala~o-
dynemicproblemswouldresultfromthelargesoMdityvariationfrom
hubtotip.

Thedesign,construction,andexperimentaltivestigationofa tur-
binetopowera typicalhigh-speed,highspecificair-weight-flowcom-
pressorwereundertakenattheNACAIetislaboratoryto determinethe
problemsthatwouldbe incurredina turbineofthistype. Inorderto
definetheturbineperformancerequirements’;compressorcharacteristics
werefirstascertained.Thecompressorexamplechosenwasa supersonic
compressordesignedto operateata flightMachntier of 1.7at an
altitudeof 37)000feetandto utilizean equivalentweightflowof
30poundspersecondpersquarefootfrontalareaatan actualtipspeed
of1500feetpersecond..Thecanpressorwasassumedto developa pres-
sureratioof4 atanadiabaticefficiencyof0.75.Underthesecondi-
tionsthecompressorequivalenttipspeedwas1362feetpersecond.It
isrecognizedttitiftheen@neweredesignedto operateat constant
speedovera rangeofaltitudesandMachnumbers,therecouldbe turbine
requirementsmm”ecriticalthanthoseat theconditionsspecified.
However,inthisreport,theinvestigationwasconfinedtothisaltitude
andMachnunbercondition.

Whilea cold-airmodeloftheturbinedesignedto operateat the
aforementionedconditionswasunderconstruction)an analyticalinves-.
tigationoftheflowthroughthisturbinerotorwasperformed.The
resultsarereportedinreference2* Thisanalysiswasbasedonaxially
symnetric,isentropicflowandindicatedtk-ttheweightflowas cal-
culatedby thereferencemethodwaslowerthanthatusedin therotor
design.Thereductioninweightflowas indicatedbytheanalysiswas
attributedto the-inner-wallprofile>thethickbladesectionat the “-
rotorhub,and-theresultingpressuredistributionalongtheorthogonal
incombinationwiththe@gh relativeMachguuib=snearthebladeexit.

Theobjectiveofthepresentreportistopresentthedesignof
theturbineto drivea supersoniccompressorand-the,experimentalper-~
formanceof’acold-airturbtieofthisdesign.Thedesignandaero-
dynamicproblemsencounteredwillalsobediscussed.
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Theturbtiewasoperatedovera rangeof speedfrom30 to130per-
centdesignspeedandattotal-pressure.ratiosf%m 1.4to 2.6. The

w turbine-iml.ettemperatureandpressurewae maintainedconstantat
135°F and32 inchesofmercuryabsolute.Theperformnceofthistur-
bineispresentedandcomparedwiththedesignpmformance.Rozzle-
exitstaticpressuresandabsoluterotorgas-exit-anglesurveyssre
alsoincludedto illustratetheaerodynamicproblemsencounteredh the
experimentalinvestigation.

E
PCD

*

..

TURBIXEDESIGN

Theturbinewasdesignedto drivea supersoniccompressorinan
engineoperatingat supersonicflightvelocities.Theturbinerequire-
mentswerecalculatedframtheengineoperatingcontitionsassuminga
turbine-imlettemperatureof2500°R. Thefirstphaseofthedesign
wasbasedona turbinediameterequaltotheco~ressordismeterbecause
ofthedesirabilityof lowturbineweightandsmallfrontalarea. The
turbineperformancerequirantsat engineoperatingconditions,based
on equaldiameters}-– be sunm.u?izedasfollows:

w ~ 27.4poundspersecondpersquarefoot
G

U* = 1500feetpersecond

Ahl= 93.7Btuperpound

andforan assumedefficiencyof0.80$

‘;~= 2.10
‘3

frontalarea

(AllsynibolsusedinthisreportaredefinedinappendixA.)

Whenan attemptwasmadeto obtaina turbinedesignthatraetthese
requirements,theproblemsofhighbladestressandhighrelativeMach
nwiberat therotorbladehubwereincurred.

Stressproblem.- As indicatedby reference1,thestressat the
rotorbladehub (fora bladeof constanthubandtipradii)inducedby
centrif~lforcecm be expressedby thefolluwingequation:

[ (,)1%2pmU2Aa~ pmutz1 - ~ ‘+-
%=’== 288g (1)
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.
compressorandturbine

diametershadbeenmade,thetip.speedandspecif,icairweightflowof
theturbine-e determinedfromthecompressorrequirements.

Fromequation(1)it canbe &eenthat)-fora givenblademetal
density,thecalculateduntaperedstresscouldbe laweredonlyhy’
increasingthehub-tipradiusratiooftheturbine.However,ifthe ‘

Vx 3absolutecritical.velocityratio
——

* ofthegasleiviigthe”turiti”e
Cr

is0.7(whichwasconsidereda practicalupperlimit)andtheabsolute
flowtiecti.onisaxial,theresultingexitannulusarea(andhencethe
exithub-ti~radiusratio)representstheconditionofminimumstress.

.—

Underthisconditiontheuntaperedstressattheexitoftheturbirie
rotorcalculatedby equation(1)was96)000poundspers“qyareinch,
assuminga valueof540poundsperctiicfootasa representativevalue
forblademetaldensitypm. Thisstressas calculatedlyequation(1)
basedontherotor-exitamulusareawasprohibitivelyhighandhadto
be decreased.Thisdecreasewasaccomplishedbyintroducingan extreme
bladetaperandby contouringtherotorhubsoastoreducetheaverage
bladeheight.Theannulusareaandresultantblade height(usedin
equation(1)to calculatethehighstress)arerequ.hedonlyat thetur-
bineexit. C!onsequentlyja decreasetitheaveragestresscouldbe_ “
by reducingtheaverageb3adeheightthroughouttherotorsincea larger
hub-tipradiusratiocanlbeusedattheinletthanattheoutlet,as
willbe discussedinthefollowingsect”ions;Low&ringthestressby
schemessuchasthosediscussed,however,couldintroduceaerodynamic
limitationsintheturbine.Because“oftheexitconditions,whichwere
selectedfrcmstressconsiderations,highrelativefree-stresmMachnum-
bersat thebladeoutletwmldbe expected;andthebladewouldthere- .“
foreoperateat,ornear,thechokedcondition.

RelativeMachnuniberproblem.- Therotor-entryvelocitydia~ams
wereobtainedassumingfree-vortexflow (Vu= Ch@-) andsimpleradial
equilibrium.The turbine-outletabsolutecriticalvelocityratioofthe
gaswassetat0.7withtheflowdirectionaxial,asmentionedinthe
previoussection.Theentering~ch nmiberrelativeto therotorbide
at thehubsectionwasoftheorderofunity,as shownintheupper
curveoffigure1. ThehighrelativeMachnuukmrsoccurbecauseofthe
workoutput,thehighspecificweight-flowrequirements,andtherotor
speed.

= an attempttoreducetherelativeMachnmber at therotorblade
hrib,theeffectofvaryingtbeturbinedia@terfromthatofthetom:
presserwasstudied.Thiseffectwasinvestigatedmainttiingfree-
vortexdistributionaridblade-outletflowconditionsasmentionedinthe
preyious.section.Theresultingenteringh@chnumbersrelativetothe
rotoratthehubaresh~ infigure1 asa functionoftherotor‘hub-’”
tipradiusratiowithtbe_ratioofturbinediameterto compressor
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*
dismeterasthe
ratio,thereis

b nuniberoccurs.

5

parameter.Xt canbe seenthatfora givend$smeter
a hub-tipradiusratioatwhicha minimumenteringMach
At hub-tipradiusratiosabovethispointtherelative

.

.

Machnuniberisgreaterbecauseofhighaxialvelocities,whileathub-
tipratiosbelowthispointitisgreaterbecauseofhightangential
velocities.ThisminimunMachnuniberdecreasesrapidlyas theratioof
turbinediameterto compressordismeteris increasedandreachesa prac-
ticalMachtier valueof0.69(pointA, fig.1)ata hub-tipradius
ratioof0.70. Thisrepresentsan 8 percentincreaseinturbinedism-
eterovercompressordiameter.

..#
.

It canbe seenfrmnequation(1)thattheuntaperedstressatthe
turbineoutlettillnotchangeiftheturbinediameterisvariedfrom
thatofthecompressor.Thisoccursbecauseoncetheccmpessorsize
(withcorrespondingweightflow)andturbineexitconditionshavebeen
chosen,mand& at therotorexitwill’befixed.

Considerationofa two-stageturbine.- Thefeasibilityof employ-
inga two-stage turbineforthisapplicationwasalso.investigated.
Thetwostagesw~e assumedtoproducethesameequivalentworkand
operatewithfree-vatexflowat thebladeinletsmdzerotangential
velocityatthebladeoutlet.we flowconditionsattheoutletofthe
secondstagewereassumedthesameas thoseat theoutletofthe
single-stageturbine.

TheresultsofVnisinvestigationindicatethatit ispossibleto
obtaina two-stageturbinewiththesanetipdiameterasthatofthe
compressorforthisapplication.TheMachnunberrelativetotherotor
bladeat thehubwasfoundtobe reasonablylowfa bothstages.The
stressproblem,however,wouldnotbe alleviatedbecausetheblade
stressat theoutletofthesecondstagewouldbe thesameasthatat
theoutletofthesinglestage.Furthermore,thecoolingproblemwould
be moresevereforthetwo-stageunitbecauseoftheincreasedblade
mea exposedto thehotgas.

Selectionof turbinedesign.- ~ viewoftheforegoingconsidera-
tions,thedesignselectedwasa single-stageturbinewithan increase
inblade-tipdiameterof 8 percentoverthatofthecompressor.This
designisrepresentedinfigurelby pointA. Thedesignutilizedfree-
vortexentrywithzeroexittangentialvelocityandah absolutecritical
velocityratioleavingtheturbineofQ.7. Thebladeinlethub-tip
radiusratiowas0.70(fig.1). Thehti-tipradiusratioattheblade
outlet(0.61)wascalculatedfrcuutheaforementionedturbine-outletflow
conditionsandthespecificairweightflowcorrespondingto the
increasedturbinedimneter.Theuntaperedstressesat thebladefilet
andoutlet,as calculatedlyequation(1),were78,50Q.and96,000pounds
persquaretich,respectively.
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Designprocedure.- Zhevelocitydiagramswereobtainedforthis
turbinedesignassumingisentropicflowtQroughthenozzleblades.A
turbineefficiencyof0.80wasassumedto determinetheturbine-autlet
stagnationstateandtherequiredflowsxea. Thedesignoftheturbine
bladewasbasedonthetipsectioqanda sectionat a 0.70radiusratio.
Figure2 presentsthevelocitydiagrsmsandsideviewoftheturbine
rotorbladewiththehtiandtipsectionsshown.At thesetwosections
a meancawiberltiewasdrawnto givethebladea positiveangleof
incidenceof2°. Thebladeshapes.werethenconstructedaroundthese
meancsmiber13.nes.Thebladeleading-andtrailing-edgeradiiandthe
thiclmessofthetipsectionweregovernedby coolingconsiderations.
Thetipsectionwaslaidoutaroundthemeancsmberlineto obtaina
smoothconvergingbladepassage.Theh~ section~sa 12-percent-
thicksymmetricalairfoilmodified,forleading-andtrailing-edge-radii.
Thecross-sectionalareaoftherotorbladeatthetipwasmade30per- “
centofthatattheroot,yieldinga stresscorrectionfactorofapprox-
titely0.52. Theh~-andtipsections.werethenstacked”andtheblade
wasformedby fatiinginstraightlinesbetweenthetwosections,The
rotorbladeinnerwallwasformedby fairinga smoothparaboliccurve
frcnnthehfiradiusattherotorinlettothatat therotoroutlet
(fig.2). Thestressescalculatedas intheprecedingsectionat the
bladeinletandoutletwouldbereducedto41,000and50,000po~ds per
squareinch,respectively,ifthestresscorrectionfactorwastaken
intoaccount.‘

The stresses were alsoCalcuxtedfortheactualbladeshapeby
divi&tngthebladeintostripsofelementalaxialwidth.Thestrips
wereofuniformwidthbuttaperedbecauseofthechangeinbladethick-
nessfromhubtotip. Thistapercorrectionwasincludedinthestress
calculation.Theresultingmaximumstresswhichoccurredat anaxial
station”indicatedby thedashedline(fig.2)was63,500”paundsper
squareinch,whereastheaveragestresstis46,600poundspersquare
inch.Thismethodis consideredto givea betterindicationofthe
averagebladestress.Intheactual bladetheelementsarenot’freeto
deformindependentlyandpartoftheloadofa highlystressedelement
wouldbe carriedby itsadjacentlessstressedelements.Hence,the
actualmaxinmuibladestresswouldliebetweenthecalculatedmaximum
andtheaverage.

-F”.

-,

.

.

.

Thenuuiberof rotorbladeswasselectedfromconsiderationof
sold.dityat thebladehubandtipsections.Twen+y-ninebladeswere
used,resultinginhubandtipsolidifiesof 2.2and0.8,respectively.-....-..

Thedesignofthe32nozzlebladeswasalsobasedonthehuband
tipsections.Thesesectionswerelaidouttoformsmoothconverging
flowchannels.At thetipsectiontherequiredturning(50°)was
accomplishedinthechannel.At thehubsectiontherequiredturning

*
.-

of 60°couldnotbe accomplishedimtheguided

~ ~~

channelwiththecorrect .
,-

.
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areavariation.Accordinglyjtheflowchannelatthehubsectionwas
made”-toconvergeto a chokingthroatarea,withtheadditionalturning

8 andexpansiontobeaccomplisheddownstreamofthisnozzlethroat.

Thenozzlevanewasformedby stackingthetwosectionssothat
thecentersofthetrailing-edgeradiiformeda radiallinesndby
fairingstraightMnes betweenthesetwosections.

Apparatus.- Theturbineusedintheexperimentalinvestigationwas
a 14-inchcold-airmodeloftheconfigurationdiscussedinthepreceding
sections.TheequivalentturbinerequirementsdiscussedintheTURBINE
DESIGNsection,whencorrectedfora turbine-to-compressordiameter
ratioof.1.083,areasfollows:

,wA-+8 = 14.2poundspersecondper

w@&
e —= 15.2poundspersecondforthe5

—= 752feetpersecond
k

sq~refoot

14-inchturbine

fil
—= 20.0Btuperpoundecr

Theequivalentoperatingconditions(T= 1.40)for.the14-inchtur-
binewereobtainedfromtheengineoperatingconditions(T= 1.30)by
themethoddiscussedinreference3. Thedesignadiabaticefficiency
of0.80andcorrespondingtotal-pressureratioof2.10at altitude
resultedinan equivalenttotal-pressureratioof2.19.

The32nozzle bladeswereprecisioncastofaluminumandwereheld
inpositionbyinnerandoutershroudbsndswithdiametersof9.80and
14.00inches,respectively.The29raterbladesweremachinedfrom
24S-T4aluminumalloyandwerehandfinished.Therotorbladeshada
constanttipdiameterof13.94inches,whilethecasinginsidediameter
was14.00inches.A photographoftheturbinerotorassemblyispre-
sentedinfigure3. Thelowtipsolidity,highdegreeofbladetaper,
andhubdiameterchangecanbe readily noted.
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Pressurizedairfromthelshoratoryconibustion-airsystemwas
meteredby anadjustableorificelocatedina straightsectionofthe
&let ducting.Theairwasthenpassedthroughbutt&flythrottle” -““”=
valvesandthrougha filtertankin orderto removeanyforeignl@r-
ticlesintheair,andwasthenductedintoa collectorfromtwooppo-
sitesides.Baffleswerelocatedintheco~ectorto assureu even
flowdistributiontotheinlet-sectionannuh.wprecedingtheturbine
nozzleblades.Thecollectorandbafflescanbe notedinthedia-
granmvxttcsketchof.thetestsectionshown’infigure4. In orderto
obtaina uniformairflowtistrlbutionto theblading,theinletannulus
areawasdecreasedhyuseofa fairhgsectionontheouterdiameterof
thecasing.Theairms thenpassedthroughthettibineblaiMng,through
theoutboardbearingsupport,=d finallyintothedischargepipecon-
nectedto thekboratoryaltitude-exhaustf“ci~ties.Butterflythrottle
valveswerelocatedinthed@chargepipeaftertheexhausttankdown-
streamoftherotor.

A 2000-horsepowereddy-currentdynazumeterwasusedtoabsorbthe
turbinepuweroutput.me @uamcmeterwascoupledtotheturbineshaft- “-
ingthrougha step-upgearbox.

Instrumentation.- Theairweightflowwasmeteredbya standard
calibrated,ad@.stable,submergedorificelocatedina straightsection
oftheinletducting.

Turbine-lnl.etmeasurementswere.tskenintheannuluspreceding~he
nozzleblading(station1,fig.4). Fourstatic-pressuretapswere
installed90°apartandtietricallyoppositeonboththeinnerand
outerwalls.A totaloffiveb=e-wirethermocouples,locatedatthe
areacentersofequalannularareas,were-m”ountedinthesameplaneas
thestatictaps.

Fourstatic-pressuretapswerelocatedonboththeinnerandouter
nozzleshroudbandshmuediatelydownstreamofthenozzleblades(sta-
tion2,fig.4) endinapproximatelythessmelongitudinalplaneasthe
inletstatic-pressuretaps.Eachofthesenozzledischargepressure
tapswascentrallylocatedintheprojected.flowpassagebetweentwo
adjacentblades.

A total-pressurecla.wprobewasmountedona self’-aliningactuator
approximately2 inchesdownstreamoftherotor(station3,fig.4) in
orderto obtaina surveyoftheabsoluteairangleleavingtherotor.
Ei~t statictaps,fourontheinnerwti andfourontheouterwall,
wereinstalled90°apartandb thesue axialplsneasthetotal-
pressureclawprobe. ..-

,.—
I
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A thermocouplerske,consistingoffivedoublyshieldedthermo-
couples,againarrangedat theareacentersof equalannularareas,was
installedinthedischargeducting,approximately4 feetdownstreamof
therotor(station,4,fig.4). Inletandoutletthermocouplerakeswere
calibratedforrecoveryfactorovera rsngeofMachnumberscorrespcmd-
ingtothoseencounteredintestconditions.-Theturbinecasingwas
insulatedwith2 inchesofglasswoolbetwe~therotordischargeand
thethermocoupleraketoreducethepossibilityofheattransferbetween

.-

theworkingfluidandtheambientair.

Allpressuresweremeasuredwiti”mercurymanometerswiththeexce~-
tionofthedifferentialpressureacrosstheorifice,whichwasmeasued .-
witha watermsncm&er.Temperaturesweretskenwithcalibratediron-
constantanthermocouplesandmeasuredwitha sensitivecalibratedpoten-
tiometerin conjunctionwitha spotlightgalvszmueter.Thespeedofthe ,
m~eter wasmeas~edwitha *onometrictachometerdrivenby an
electricgaeratorgearedtothegearbox.

PROCEDURE

Theturbinewasoperatedat constantinletconditionsof 32 inc~es
ofmercuryabsolutemd 135°F. Theturbinewasoperatedat constant
speedvaluesovera rsmgefrcm30through130percentdesignspeedin
evenincrementsof10percent.Foreachspeedinvestigated,a rangeof
total-pressureratiosfrom1.4to 2.6wasobtainedby varyingthe
e~ust pressurefromtheminimumvaluepossible,as dictatedbythe
capacityoftheexhaustfacilities,tothemaximumpressurewherestable
operationexisted.

CALCULATIONS

Theturbinewasratedonthebasisoftheratioof inlettotal
pressuretoan outlettotalpressuredefinedasthesumofthestatic
pressureandthepressureheadoftheaxialcompcme.ntof outletvelocity. -
Theinlettotalpressurewascalcu&tedfromtheweightflow,inlet
staticpressure,andinlettotaltemperatureby theequation(refer- --—
ence4)

-.

(2)”

The outlettotalpressure,whichconsistedofthesumofthestatic -.
pressureandthepressureheadoftheaxialcomponentof outletvelocity,
wascalculatedfrmntheeqyation(derivedinappendixB)
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where ~ istheaverageabsoluteflowangleoftheoutletgasmeasured
fromtheaxialdirectionand T~ isthe~“ithmeticaveragetotaltem-
peratureobtainedfromthethe~ocouple.rake.The‘outlettotalpressure
wascalculatedforconditionsat station3 by useofthetotaltempera-
turemeasuredat station4 (fig.4). ThetemperatureT~ wasasswed
tobe thesameasthatat statim3. Itwasbelieveda more”reldable
inMcationoftemperaturecouldbeobtainedat station4 because(1)the
fluctuationsofthegasflowoutoftherotorwouldbedampenedto some
extent,and(2)thegasvelocitywouldbe considerablylower.

.—

.—

.

. .

Theturbineefficiencywascalculatedastheratioofactual
enthalpy-tiop(asobtainedfrominletandoutlettotaltemperature)to
idealenthalpydropas obtainedfromtheinlettotaltemperatureand --

total-pressureratio.

Theprecisionofthemeasuredandcalculatedquantitiesisestimated
tobe withinthefollowinglimits:

.
—-.—

Temperature,%.. . . . . . . . . . . . . . . . . . . . . . . . .a.5 .-~.
Pressure,in.Hg._.. . . . . . . . . . . . . . . . . . . . . . . .A.05

E

Weightflow,perc@.. . . . . . . . . . . . . . . .. . . . . . . .Q_.O
!l?urbine’sleed,percent.. . . . . . . . . . . . . . . . . . . . . “.W.5
Efficiency,percent. .. . . . . . . . . . . . . . . . . . . . . .+2.0

*

RESULTSANDDISCUSSION a

Over-allperformance.- Theperformanceoftheexperimentalturbine
isillustratedinfigure5. Theequivalentwork Aht/f3cras calculated
by thetemperaturemeasurementsisshownas a functionoftheequivalent
weight-flowparametercwN/5 (productoftheequivalentweightflow
androtationalspeed)withturbinesyeedandtotal-pressureratioas
parameters.Theefficiencycontoursarealsoincluded.Thedesignwork
andspeedareindicatedby pointA,whereasdesignworkandequivalent
weight-flowparameterareindicatedby”pofitB. A comparisonofthe
abscissasofthesetwopointsshowsthat95.~rcentdesignweightflow
oran equivalentweightflowof14.5poundspersecmdwaspassedat “:
designspeed.PointA alsoindicatesthat-theturbinelimiting-loadiig
pointisreachedbeforedesignworkisextracted.Limitingloadingis
definedas-thatpoint wherecha@esintotal-pressureratioresultinno
additionalchangeinworkoutput. —.

.-

—
-.

—.-
-.

“



NACAlWlE52C25
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Althoughtheactualweightflowof14.5poundsper

agre~entwiththe,chokingweight flowof14.7obtained

u-

secondisin close
fromtheanaly-

● sisinreference2, itmustbe rememberedthattherearecertainfactors
affectingthisagreementsuchthata directcomparisonshouldnotbe
made. Certainphenomenasuchasviscouseffects,boundary-layerbuildup,
ad pressurevariationsacrossthechannelwhichreducetheact~ wei@t
flowwereignoredinthetheoreticalanalysis.Conversely,iftherotor
chokedandthenozzle-exittangentialvelocitieswerenotobtained,the
totalcmxiitionsrelativetotherotorwouldbeincreased,andthechok-
ingweightflowthroughtherotorwo~d correspondinglyincreasetoa
pointwherecloseagreementcouldbeobtained. .

ThelJmiting-loa~gcantitionandpeak-efficiencyregionat design
weed areill.ustratedmoreclearlytifi~re.6.me variationin equi-
valentworkandefficiencywithtotal-pressureratiois shownat design
speed.It canbe seenthattheturbinelimiting-loadingpointisreached
at a worko’htputjustbelowdesignwork. A high-efficiencyregionof
84percentcanbe obsenedata pressureratioof1.65andabout75per-
centdesignwork.

Effectofrotorchokingonturbineperformance.- The~er~ent~
investigationshowedthattherotorlimitedtheweightflow%eforethe
desirednozzle-exittangentialvelocitieswereobtained.Thisphenmnenon
isillustratedinfigure7. Thetotal-to-staticpressureratioacross
thenozzlesat theinnerandouterwallis shownas a functionofthe
total-pressureratioacrosstheturbineat designspeed.Beyonda
total-pressureratioof1.8,thereisno changeinthetotal-to-static
pressueratioacrossthenozzles.Thus,therotormustbe chokingsuch
thatan increaseintotal-pressureratiodoesnotaffecttherotorinlet
conditions.

-.

It canbe seenfromfigure6 thatat a total-pre’ssureratioof1.8,
80percentdesi~workwasextractedatan efficiencynesr84percent.
Becausetheinlettangentialvelocityremainsconstantbeyondthispres-
sureratio(fig.7),theadditionalworkmustbe obtainedfroma change
inexittangentialvelocity.Figure6 indicatesa lsrgedropineffi-
ciencyfromthepeakasthetotal-pressureratiois-increased.Since
tberotorinletconditionsdonotchange,theadditionallossesatthe

—

higherpressureratiosmustbe incurreddownstreamoftherotorchoking
region.

Theabsolutedischargeflow-anglesurveyat theturbineexitis
shuwninfigure8 fortotal-pressureratiosof1.68,1.98,and“2.54at -
designspeed.Approximately20°ofunder-turningoccurredalongthe
majorportionofthebladeheightat a total-pressureratioof1.68and
indicatedconsiderablepositiveexitt~ential velocityat thepeak
efficiencypetitwherea constantrotor-inletconditionwasapproached. .....
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At a pressureratioof1.98,theturbine-efit
to axialneartheinnerwallandapproacheda

NACABME52C25

#
flow-tie5tionwasclose
positiveangleof15°near

theouterwall. Thedecreasein dipchargeangleresultedinanaddi-
tional4 Btuofworkperpoundofairat a dropof 3percqntin effi-
ciency(indicatedbyfig.6). Therotordisb”hargeanglesurveyata
total-pressureratioof.2.54indicatesthattheturbine-exitflowdirec-
tionneartheouterwallapproachesaxial,“whereasconsiderablenegative
tangentialvelocitiesneartheinnerwallm.e”indicatedbya negative
flowsingleinthisregion.Hence,an ticreasedwork,althoughstill
slightlylessthan‘designwork,was”etiractedatthispressureratio
becauseofan increasedworkoutputneartheinnerwall.

Possiblemo&lf’icatiaofpresentdesign.- Theexperimentalper-
formanceoftheturbinedesignedto drivea suyerscmiccompressorindic-
ates thatinsnattempttodecreasethestressoftherotorhubby use
ofhighturbine-exitabsolutevelocities,anextremebladetaper,and
an insweepoftheinnerwall,a flowareawas’usedwithintherotorthat
provedinsufficienttopasstherequiredwei@t flow.This,inturn,
resultedinnozzle-exittangentialvelocitieslessthandesign.Thus,
designspecificworkcouldbeobtainedonly-byincreasingthetotal.-.
pressureratiowithresulting‘neg,ativeexit,t@gentialvelocities.The
turbineperformanceshowsthatthelimiting-lo~gpoiiit””wa”sreached.“
at a workoutputslightlylessthandesign.--- : - .“.. :..

Possiblemodificationsofthepresentconfigurationcouldbemade
inanattempttounchoketherotor.Thenozzleflowareacouldbe -
reducedso”thattheflowisMited by thenozzles.Itwouldbeexpected
thatthismodificationwould’resuJtinuozzle-exittangentialvelocities
approachingdesign.Underthisconditiontherequired”specificwork
wouldbe obtainedata total-pressureratio-helmthatcorrespondingto
limitingloading.However,in orderto obtainthedesiredweightflow
aswellas specific.work,redesign-oftherotorinnerwallto increase
theflowareawouldbenecessary,as indicatedinreference2.
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SUMMARYOF FU?SUIITS .

Inthedesignofa turbinetopmer a supersoniccompressor,the
problemofhighstressandhighentrancerelationMachnumbersatthe
rotorbladehubwereeneount~edundertheconditionofequalcompresso-i
andturbinediameters.A hi@ degree.aP.taperwasincorporatedintothe
bladedesignreducing$he.averageM_adfstressatthehubto approxi-
mately46,600poundspersquareinch.Theresul.txhubtidtipsoli&-
tieswere2.2and0.8,respectively.Theturbinedismeterwasincreased
8 percentoverthatofthecompressorto reducetherelativeMachnuniber
attherotorhubto 0:69.
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theattemptto decreasethestressat therotorbladeh~ by use
turbine-exitabsolutevelocities,an extremebladetaper,andan

.-

oftheinnerwall-,a flowareawasusedwithintherotorthat
provedinsufficienttopassthedesiredweightflow.-Theperfo~ce of .
a 14-inchcold-airmodelofthisconfigurationinacatedthatat design
speed95percentdesignweightflowwaspassed.This,inturn,resulted
innozzle-exittangentialvelocitieslessthandesign.Au increasein
workcouldthereforebe obtainedonlywithnegatiyeexittangential

1...

velocities.However,theturbinelimiting-loadingpointwasreachedat
.

a workoutputslightlylessthandesign. .*,.

LewisFlightPropulsionLabo~tory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio
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APPENDIXA

sYMBoLO

Thefollowingsymbolsareusedinthisreport:

annulararea,sqft

frontalarea,sqft

constant

specific

specific

ofpropotiignality

heatat constantpressure,Btu/(lb)(OR) ‘

heatat constantvolume,Btu/(lb)(OR)

.,

— .-

dismeter,ft ‘

accelerationdueto gravity,32.17ft/sec2

specificenthalpy,Btu/lb

T R, sqft/(sec2){OR)conslxurtequalto 2g—y-l
Machnumber

rotationalspeed,_rpm

absolutepressure,lb/sq

gasconstant,ft/%

radius,ft

unitbladestress,lb/sq

absolutetemperature,‘R

bladevelocity,ft~sec

gasvelocity,ft~sec

.

ft

.

in.

.

criticalvelocitydefinedas gasvel~ityatMachnumberof1,
ft/sec

relativeg~gvelocity,ft/sec

. .

1
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b a

Y

A

P

.

weight-flowrate, lb/see

flowangleofabsolutevelocitymeasuredfromsxialdirection,deg

ratioofspecificheats,WV

prefixto indic”ate

ratioof inlet-air
Pi

c@nge

pressuretoNACA

P*

functionof y,y:
YHr

()y+l7=
-5-

2
()~*+1 y*-1
-7

standsrdsea-levelpressure,

adiabaticefficiencydefinedasratioofturbineworkbasedon
temperaturemeasurementsto idealturbineworkbasedon inlet
totalconditions,andoutlettotalpressureconsistingofs&-
ticpressurepluspressureheadcorrespondingto axialcompon-
entofvelocity

sqyaredratioofcriticalvelocityat

velocityatNACAstandardsea-level

gasdensity,lh/cuft

blademetaldensity,lb/cuft

bladestresscarectionfactor

angularvelocity,radk.ns~sec

Subscripts:

h rotorhubor innerradius

i turbineinlet

r relativetorotor

t rotortipor outerradius

— — —

turbineinletto critical
V2

()
temperature~

cr

.
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u tangentialcomponent ..

x axialcomponent

1 measuringstation

2 measuringstation

3 measuringstation

4 measuringgtation

Superscripts:

* NACAstandard

I totalstate

NACAl?ME52C25
. ..

----

. ..:

upstreamofnozzles
..-

atnozzleoutlet,rotorinlet.

downstreamofrotor

inoutletpile .- ;,—

-.

conditions
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APPENDSXB

L DERIVATIONOFEQUATIONTO CALCULM!EOUTLETTOTAL_SSURE

Theoutlettotalpressureusedforratingtheturbinehasbeen
definedas containingthestaticpressureandthepressureheadcorres-

——

ponding%otheaxialcomponentofoutletveloqity.Thistotalpressure
wascalculatedfl?omthestaticpressure,weight-flowratejflowarea>
andabsolute
tinuity,and
as follows:

and

flowanglefromtheenergyequation,theequationofcon-
theequationof state.Thederivationoftheequationis
Therelations

VX,3= ~
‘$a,3

P3
P3=~

wereobtainedftromthectitinuityeqpationand
v~,3

Sinceqyj= T~ by assumptionand —cosa3

(Bl)

theequationof state.

= V3 by definition,the
.

energy

.

By the
TZJis

eqwtioncanbewrittenas
v “2

T3 =T~- X)3 (B3)
~g&R cosz~

substitutionof (B3)intotheeq~tionof state(B2]theunknown
eliminatedandtheequation

P3
p3=

(
Vx “32

RT’- )
4

(IJ4)

/

iS obtained.Forsimplicity,2g

Theequation(EM]wassubstitutedintothe.continuityequation(Bl)

r R COS2~2g—
y--l )

~R wassetequalto a constantK.y-l

to eliminatetheAm P3 =d to obta~ theequation

.

.
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fromwhich,by rearrangement,wasobtained

P3~ 3
VX,32+ ‘x,3 wR K :OS2U3 - T~KCOS2~ = O

Whentheprecedingquadraticequationissolvedfor VX,3,itbecomes

‘$a,3
2

-.

WR + 4T:KCOS2%
VX,3=

2
(B5)

Theratiooftotalpressureto staticpressurecanbe definedas

Byusingthecontinuityrelation

,

‘3=* ●

thedensityP3 canbe eliminatedfromtheequationof state

P3 %%,3VX,3’
‘s=m” Rw

(B7)

Afterequation(B7)issubstitutedinto(B6)to eliminatethestatic
temperatureT3,theequationisob~ined .-

y-l

()p;r .1+vx3~
—
P3 Kp3*a,3

(B8) _

Thevelocityterm VX,3 iseliminatedby substitutingeqpation(B5)
into(B6),whichresultsintheequation

.

4
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-@

()p;1-
Rw

[

P3&,3 K cos2a3
~. += 1 + 2Kp#a,3 - WR

which,whensimplified,becomes

, I , lu-

Equation(B9)wastheequationusedto calculateoutlet
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